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ABSTRACT
A prototype compressor for application in high temperature compression-resorption heat pumps has been
designed, manufactured and tested. The paper presents details of the compressor design together with test results
obtained on the pilot heat pump plant with the prototype compressor. The compressor is of the twin-screw type
and its stainless steel rotors operate without timing gears. There is no oil present in the compressor working space,
the rotors are lubricated by the process mixture of ammonia and water. To make operation with such a lowviscous lubricant possible, a profile with low torque transfer has been selected and a special friction reducing
coating has been applied to the rotors.

INTRODUCTION
Wet compression-resorption heat pump is a promising type of heat pumps that operates with non-azeotropic
refrigerant mixtures. The main differences, when compared to the classical Rankine cycle, are the non-isothermal
phase transition of the mixture in the heat exchangers and the compression of the two-phase mixture in the
compressor, which works as a gas compressor and at the same time as a liquid pump (that is why the heat pump is
called “wet”). Wet compression results in reduction of the consumed power, excludes the vapour superheating and
is especially attractive for high temperature applications. For such applications estimated gain in COP is up to
20% when compared to conventional dry compression heat pumps.
The problem, which up to now eliminates wide spread of the wet compression-resorption heat pumps, is the
lack of the compressors capable to perform the compression of the liquid-gas working mixture rather effectively.
Besides being tolerant to the liquid carry-over, the compressor must be oil-free, because it is difficult to separate
the oil from the process liquid by simple means.
A prototype compressor for application in high temperature compression-resorption heat pumps has been
designed, manufactured and tested. The compressor is of the twin-screw type and operates without timing gears.
There is no oil present in the compressor working space and the rotors are lubricated by the process mixture of
ammonia and water.

The paper starts with the basics of the compression-resorption heat pump cycle and goes on with details of
the prototype compressor design. The experimental part of the paper presents details of the test rig together with
results of compressor performance measurements and their analysis.

WET COMPRESSION-RESORPTION HEAT PUMP
A simplified scheme of the wet compression-resorption heat pump is shown in Fig. 1 after Itard [1998]. The
main components of the heat pump are similar to those of the classic vapour compression machine. However, a
resorber is used instead of the condenser and a desorber instead of the evaporator. The working medium is a twocomponent non-azeotropic mixture. In this study the mixture of ammonia and water is considered. Unlike the
vapour compression installation, in the wet compression-resorption cycle the working medium exits the desorber
(evaporator) in the two-phase state. This two-phase two-component mixture having passed through the
intermediate heat exchanger enters the compressor, which operates as a gas compressor and at the same time as a
liquid pump. In the resorber, the compressed vapour is totally absorbed by the weak liquid solution and absorption
heat is transferred to the heat sink. This process is non-isothermal. Then the strong liquid solution is subcooled in
the intermediate heat exchanger and via the expansion valve is supplied to into the desorber. In the desorber, heat
is transferred from the source to the process medium and non-isothermal desorption occurs. The liquid solution
becomes weak and together with the produced vapour exits the desorber.
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Figure 1. Scheme of wet compression-resorption heat pump
Market study has indicated that compression-resorption heat pumps might be attractive in application for
upgrading of waste heat for food processing industry. Heat pump operation conditions related to this application
are listed in Table 1. Table 2 presents operation conditions related to the compressor for the selected application.

Table 1. Heat pump operation conditions
Sink inlet temperature, 0C
Sink outlet temperature, 0C
Source inlet temperature, 0C
Heating capacity, industrial scale, kW
Heating capacity, test scale, kW

110
130
80
250
50

Table 2. Compressor operation conditions
Inlet pressure, bar
Inlet temperature, 0C
Outlet pressure, bar
NH3/H2O overall concentration, kg/kg

2
82
16
0.35

COMPRESSOR PROTOTYPE DESIGN
Requirements to the Compressor
Based on the heat pump operation conditions, a number of requirements to the compressor has been stated.
Since the working medium is not a dry gas but a two-phase liquid-gas mixture, the compressor should be tolerant
to liquid carry-over.
The presence of liquid at the compressor discharge makes oil lubrication difficult to realise. The problem
here is the separation of the liquid process medium from the compressor oil. The separation cannot be performed
by gravitation, as it usually is done for dry gas compressors, and a more complicated and expensive device is
needed. Another possibility is to let the oil circulate in the whole system together with the process mixture.
However, this option was excluded, because firstly, presence of the oil in the heat exchangers will deteriorate the
processes of heat and mass transfer and secondly, return of the oil to the compressor is not guaranteed. Therefore,
in order to keep the system clean from oil and to avoid extra costs related to the oil separation, it is required that
the compressor operates oil-free. The rotors have to be lubricated by a low-viscous process mixture of ammonia
and water.
Since the heat pump working mixture contains ammonia, all compressor materials in contact with the
working medium should withstand it. No copper, brass or bronze is allowed.
Finally, the compressor must be capable to provide compression ratio of 8 in one stage with rather high
efficiency. Two-stage design was excluded because of cost limitations.

Compressor Type
The twin screw compressor type has been selected as the best fitting the application case. Compressors of
this type are tolerant to liquid carry-over, efficient and capable to provide the required compression ratio in one
stage. Compressors with timing gears have been excluded, because their efficiency is, in general, lower and the
price is higher when compared to compressors with direct rotor drive. Moreover, compressors with timing gears
with capacities smaller than 100 m3/h are not widely available on the market.
Two options of modification of existing compressors with direct rotor drive have been considered. Option
one was to adapt an oil-injected ammonia refrigeration compressor. This compressor had only one seal mounted at
the shaft exit. Bearings and the seal were lubricated by oil. Operation in oil-free mode would require separate
lubrication for bearings and mounting of additional seals between the bearings and process side. There was no
place for new seals, so design of a new housing and/or rotor shafts would be necessary.
Option two was to modify an oil-free water-injected air compressor. This compressor is in serial production
with a bronze housing and rotors made of a plastic material with ceramic additives. The rotors are lubricated by
injected water. Preliminary tests of material compatibility have shown that the rotor material cannot withstand
ammonia. The rotors swell when exposed to the ammonia solution. Higher operation temperatures are also a
problem for the plastic material.
By comparing the obstacles and possible solutions it has been decided to go on with option two and to
manufacture the prototype with stainless steel housing and rotors. Also the material of other compressor parts has
been reviewed to ensure compatibility with ammonia-water medium.

Rotors for Oil-free Operation
In a twin screw compressor without timing gears the rotors are in contact with each other. A part of the
motor power is transferred from one rotor to another via the contact line. What portion of the total compression
power is transferred, depends on the rotor profile and on operation conditions. Not only the amount of transferred
power, but also the direction of the power transfer depends on the rotor profile. Power transfer from the male to
the female rotor is logic: the motor drives the male rotor and the male rotor drives the female. Phenomenon of
power transfer from the female rotor back to the male needs more explanation. In this case the motor still drives
the male rotor. The power from the male rotor is transferred to the compressed gas and then partly from the gas to
the female rotor (gas pressure forces tend to drive the rotor), then the torque from the female rotor is transferred
back to the male rotor through the contact line. This phenomenon has been mentioned among others in works of
Sakun [1970] and Sjöholm [1986].
The important point is that the torque on the female rotor resulting from the gas pressure and friction forces
should not change its sign. Otherwise, the periodic change of the power transfer through the rotors’ contact line
will cause an unstable operation of the compressor: increased wear of the rotors, vibration and noise. The most
favourable for oil-free operation would be the case, when the torque on the female rotor has both permanent sign
and low absolute value. This would reduce the contact force between the rotors and, therefore, reduce the rotors’
contact friction and wear.
An advantage of the water-injected air compressor selected as a starting point for the prototype design is
that it’s rotor profile meets the low power transfer requirement. The profile is shown in Fig. 2. Figure 3 presents
the rotor torque distribution calculated for this profile with operation conditions according to Table 2. Only the
torque from gas pressure was considered.
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Figure 2. Rotor profile

Figure 3. Calculated gas torque

The results presented in Fig. 3 show that for the selected profile the female rotor torque is always positive.
Absolute values of the female rotor torque are very low. The ratio female/male rotor gas torque is less than 2%.
When the friction torque is added, the absolute value of the female rotor torque will increase, but the sign will not
change.
Operation temperatures of the compressor for the heat pump application are considerably higher than
working temperatures of the water-injected air compressor. The temperatures are high enough to cause a thermal
expansion of compressor parts, which is comparable with working clearances. In order to prevent contact with the
housing or jamming the rotors together, additional temperature-compensated clearances have been provided.
Since tribological properties of stainless steel at low-viscous lubrication conditions are not so good as of
ceramics, additional measures have been taken to ensure the operation without excessive wear and friction. In
order to reduce rotor contact friction and wear losses, the rotors have been coated with an amorphous
hydrogenated carbon (a-C:H) diamond-like coating (DLC). Coatings of this type are thin (2 – 4 µm) carbon based
layers with a high hardness and low coefficient of friction.

However, after about 30 hours of running the coating on the driving flanks was worn out. After that the
compressor has been running for several days without coating, but finally it was decided to stop the experiments
because of increasing wear and risk of compressor fatal damage. Studies of tribological performance of different
types of DLC coatings by Ronkainen et al [1998], [2001] and Drees et al [1996] have shown that the
hydrogenated films show good performance in dry conditions, but in aqueous environments they suffer from
severe wear. At the same time, hydrogen-free amorphous carbon (a-C) films show good performance in water.
This indicates a possible reason of the failure: the water in the working mixture caused sever wear of the (a-C:H)
coating. Another reason of the coating failure could be the soft substrate (stainless steel), which could not provide
enough load support for the thin and hard coating layer.
In order to exclude probable causes of the failure, the same set of rotors has been uncoated, polished and
then hardened by carbon diffusion. The carbon diffusion treatment has increased the hardness of the stainless steel
rotor surface roughly by 5 times offering better load support. Afterwards, the rotors were coated with a hydrogenfree amorphous carbon coating, which contains some metal additives to improve substrate adhesion and to make
the coating less brittle and therefore, suitable for heavier loads. The coating thickness is several micrometers.

Discharge Port
The pressure ratio required for the heat pump application is different from the standard air compressor
pressure ratio. Also the thermodynamic properties of ammonia-water differ from properties of air-water mixture.
In order to exclude extra energy losses caused by under-compression the built-in volume ratio of the prototype
compressor has been increased from 5 to 6. This has been achieved by redesigning of the compressor discharge
port as shown in Fig. 4. The rotors in Fig. 4a and 4b are shown in the same position to demonstrate that the new
discharge port opens later.

a)

b)

Figure 4. Discharge port
a) standard port, built-in volume ratio 5
b) redesigned port, built-in volume ratio 6

Injection Network
As it has been already mentioned, some amount of the process liquid is present in the compressor suction
flow. In the present application, the liquid fraction in the suction flow equals 0.25% by volume (65% by mass).
Additional liquid injection into the compressor is needed, for example, for cooling of seals. Furthermore, the
injected liquid can reduce internal compressor leakage flows and, thus, improve the compressor isentropic
efficiency. Zaytsev and Infante Ferreira [2001] have studied the influence of the injection flow rate on the
compressor efficiency and on the COP of the whole heat pump installation. The results indicated that the optimal
injection flow rate for the heat pump compressor is about ten times smaller than the water-injection flow rate of
the original air compressor.

To reduce the amount of the injected liquid, the compressor injection network has been modified. Two of
four feeding channels have been closed and the diameter of one of the remaining channels has been reduced.
Details of this modification have been reported by Prins and Zaytsev [2001].

TEST PLANT
To carry out experimental investigations, a pilot compression-resorption heat pump plant has been
constructed. Figure 5 represents schematically the experimental heat pump installation. There are two possibilities
to supply the working medium to the compressor. One option is to supply the two-phase flow from intermediate
heat exchanger IHE directly to the compressor suction port. Another option is to separate vapour and liquid in
separator LGS1. Then the vapour is directed to the suction port and the liquid is pumped into the injection line.
Option one is attractive, because the separator with pump is not needed. However, first operation experience has
shown that the two-phase flow in the suction line can be unsteady resulting in formation of dangerous liquid slugs.
Option two gives a possibility to control the flow of liquid and was used further on as more safe.

Figure 5. Layout of the test plant
After the compressor, the working mixture is separated in separator LGS2. Liquid separation is needed here
to provide liquid injection to the compressor and to insure steady liquid supply to the resorber. The injection
liquid is subcooled and then its pressure is reduced with control valves. The liquid is supplied through the internal
compressor network into low-pressure cavities and, optionally, it can be directed via a separate line to the suction
port.
Liquid pumps P1 and P2 are low-pressure pumps. They are used to transport the liquid through the piping at
the same pressure level. The liquid pressure increases from the desorber to the resorber level in the compressor.

Pressure, temperature and flows are measured in different points of the system, so that it is possible to
analyse the performance. Ammonia concentration in the main and injection flow is determined based on the
measured density, pressure and temperature. The compressor shaft speed and driving torque are measured to
obtain the consumed power.
A PLC system protects the test plant and controls the inlet temperature and flow of the source and sink, the
speed of the compressor and pumps and the liquid level in the separators. In this way, a steady-state operation
mode of the system can be maintained. A data acquisition program is linked to the PLC. Every 10 seconds it
writes instant values of all the measured parameters to a file. Average values of all measured parameters and their
standard deviation during a specified period of time are automatically calculated. Having recorded the data files
and checked deviations from steady state operation conditions, it is possible to analyse the results with an
available data processing program.

EXPERIMENTAL RESULTS
An example of operation conditions around the compressor during its test run is illustrated in Table 3.

Table 3. Operation conditions during a test run
Inlet pressure, bar
Inlet temperature, 0C
Outlet pressure, bar
Outlet temperature, 0C
NH3/H2O overall concentration, kg/kg
Rotation speed, rpm
Shaft power, kW

4.3
67
10.7
106
0.39
3500
15.1

The conditions shown in Table 3 differ from the design conditions presented in Table 2. The suction
pressure is higher than designed and the discharge pressure is lower. The deviation from the design conditions is
caused by larger working clearances, which were over-dimensioned to ensure safe operation of the prototype. This
led to increased internal leakage flow and decreased volumetric capacity of the compressor.
Figure 6 represents relative values of the compressor volumetric efficiency and the isentropic efficiency of
the compression installation obtained with different shaft speed as functions of the flow rate of liquid injected
from separator LGS2 back into the compressor.
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Figure 6. Measured efficiency as function of injection flow rate
The results indicate that the increase of the injection flow up to 0.025 – 0.03 kg/s has positive influence on
both volumetric and isentropic efficiency. This occurs due to the sealing effect of the liquid, which reduces the gas
leakage. However, further increase of the injection flow rate does not lead to any efficiency gain. The injected

liquid evaporates partially when contacting with the hot compressor housing and rotors. The produced vapour
occupies cavity volume and additional power is needed to compress it.
Increase of the shaft speed reduces relative leakage flows and should result in a better compressor
efficiency. Results in Fig. 6 confirm this for the shaft speed up to 3500 rpm. Further increase of the rotation speed
is not advantageous, because it causes rise of the compressor housing temperature, so that more liquid evaporates
during the injection.

CONCLUSIONS
A prototype twin screw compressor has been designed, manufactured and implemented in an
experimental compression-resorption heat pump plant. Test results have confirmed that the compressor is capable
for oil-free operation with gas-liquid ammonia-water mixture without use of timing gears. This achievement can
also be used in other compressor applications were presence of oil is not desirable.
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